ABSTRACT Acyl-coenzyme A:cholesterol acyltransferase (ACAT) catalyzes the formation of cholesterol esters (CE) from free cholesterol and fatty acyl-coenzyme A. This experiment was conducted to study the ontogeny of ACAT activity in the yolk sac membrane, liver, and intestine during embryonic development and early posthatch growth of turkeys. The ACAT activity was measured on tissue samples collected at 3-d intervals from embryonic Day (ED 13) 13 through 6 d posthatch (PD 6). The ACAT activity (pmol/mg microsomal protein per min) in the yolk sac membrane increased form 840 pmol at ED 13 to 2,497 pmol at ED 22, and subsequently declined to a very low level by PD 3. The high level of enzyme activity at ED 22 is concomitant with the large quantity of CE formed within the yolk sac membrane at
INTRODUCTION
It is well documented that yolk fatty acids are a primary energy source during avian incubation, and the function of the yolk sac membrane is to package yolk lipids for delivery to the embryo. Prior to incubation, cholesterol esters (CE) represent only a negligible proportion of total yolk lipids in turkey eggs (Ding et al., 1995) . During the course of incubation, however, as free cholesterol becomes esterified with fatty acids within the yolk sac membrane, CE become a predominant lipid subclass, particularly during the latter stages of embryonic development (Noble et al., 1984; Shand et al., 1993 Shand et al., , 1994 Ding et al., 1995) . The embryonic liver in chicks and poults also accumulates CE during the latter stages of incubation (Noble et al., 1984; Ding et al., 1995) , and this is probably a byproduct of embryonic lipoprotein catabolism. To whom correspondence should be addressed: lilburn.l@osu.edu. 1460 this developmental age. Liver ACAT activity increased from 60 pmol at ED 13 to 242 to 243 pmol at ED 25 and PD 3, followed by a decline to 130 pmol by PD 6, mirroring the peak in hepatic CE concentration. This suggests that even during incubation, the liver plays a significant role in lipid metabolism. Intestinal ACAT specific activity increased from 14 pmol (ED 16) to 44 pmol (ED 25) , and then declined to 23 pmol by hatch (ED 28), with no further decline through PD 6. Total intestinal ACAT activity (pmol per intestine/min) increased, however, from ED 16 through PD 6. This increase in activity suggests that the total capacity for cholesterol esterification increases during the course of incubation and shortly after hatching.
The enzyme acyl-coenzyme A:cholesterol acyltransferase (ACAT) catalyzes the formation of CE from free cholesterol and fatty acyl-coenzyme A. The resulting CE serves as a form of temporary cholesterol storage in addition to being incorporated into new lipoproteins. As implied for the yolk sac membrane, CE incorporation into very low density lipoproteins is also a vehicle for the transport of fatty acids and cholesterol out of the liver and small intestine in mammals (Spector et al., 1979; Suckling and Stange, 1985; Billheimer and Gillies, 1990) . Acyl-coenzyme A:cholesterol acyltransferase activity has been detected in the brain and liver of embryonic chicks (Marco et al., 1986; Shand et al., 1994) and in the yolk sac membrane of chick embryos (Noble et al., 1984; Shand et al., 1993) . In the latter report (Shand et al., 1993) , microsomal ACAT activity in the yolk sac membrane was very high during the latter stages of chick embryonic development, coincident with the period of significant transfer of triglyceride out of the yolk. Shand et al. (1994) reported that in embryonic chick liver, ACAT activity peaked at 16 d of incubation (concomi-tant with low levels of CE hydroxylase activity), thereby allowing for a net accumulation of hepatic CE.
Although the time course for expression of ACAT activity in the yolk sac membrane and liver of embryonic chicks has been characterized (Shand et al., 1993 (Shand et al., , 1994 , there are neither reports with turkey embryos nor data relative to ACAT activity during the early stages of posthatch growing. Ding et al. (1995) reported the changes that occur in CE concentration in the yolk sac membrane and liver during the course of embryonic development. Intestinal ACAT is involved in the packaging and transportation of lipids to other organs and the overall regulation of cholesterol utilization in rats (Norum et al., 1983) . There is, however, no information on its activity in the avian intestine. The objective of this study, therefore, was to measure ACAT activity in the yolk sac membrane, liver, and intestine of turkeys during different stages of embryonic and early posthatch growth.
MATERIALS AND METHODS
Samples of the yolk sac membrane, liver, and intestine were taken from turkey embryos and poults at 3-d intervals from embryonic Day 13 (ED 13) through 6 d posthatch (PD 6). During the period after hatch, all poults were reared in heated battery brooders with access given ad libitum to a turkey starter diet and water. All poults were killed by cervical dislocation, and tissue samples were immediately collected and washed in ice-cold saline (0.88%) containing 0.2 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol (DTT). Four replicate samples were collected from each developmental age, and each sample represented pooled tissue from 6 to 16 embryos or poults. All samples were stored at −70 C until analysis.
Two grams of frozen tissue was homogenized with three strokes of a Teflon homogenizer 3 in 4 mL of 10 mM potassium phosphate buffer (pH 7.4) containing 0.2 mM phenylmethylsulfonyl fluoride and 1 mM DTT. The homogenate was centrifuged at 10,000 × g for 15 min at 4 C. The upper fat layer and pellet were discarded, and the supernatant was further centrifuged at 59,000 × g for 2 h at 4 C. The pellet was dissolved in 2 mL phosphate buffer (10 mM, pH 7.4) and centrifuged again at 59,000 × g for 2 h at 4 C. The pellet was collected and dissolved in 2 mL phosphate buffer for ACAT, protein, and cholesterol analysis.
Protein concentration was determined by the procedure of Bradford (1976) using BSA as the standard. Microsomal cholesterol concentration was determined using the method of Gamble et al. (1978) . The standard curve ranged from 0.1 to 0.8 µg cholesterol. Subcellular enzyme markers pyrophosphatase (cytosol), glucose-6-phosphatase (microsomes), and succinate dehydrogenase (mitochondria) were measured to ensure a relatively pure microsomal fraction. In a series of preliminary experiments, tissue samples were 3 Wheaton, Millville, NJ 08332. 4 Alltech Associates, Inc., Deerfield, IL 60015.
initially homogenized with a polytron, and this resulted in considerable cross contamination of cellular fractions as determined by marker enzyme activity. After modifications involving time and tissue preparation, glucose-6-phosphatase marker activity in the microsomal fraction was 1.67 nmol/mg protein per 10 min, compared with nondetectable levels in the cytosolic fraction and <0.4 nmol/mg protein per 10 min in the mitochondrial fraction, thus lending confidence to the subcellular fractionation procedure.
Determination of ACAT Activity
Enzyme activity is only a reflection of the conversion of a known quantity of substrate into a measurable endproduct, and does not necessarily infer differences in the quantity of protein present or differences in gene expression. The activity of ACAT was measured using the procedure of Gavey et al. (1981) , with the following modifications. The reaction solution contained 10 mM potassium phosphate buffer (pH 7.4), 0.5 mM adenosine 5′-triphosphate, 1 mM DTT, microsomal protein, 1.2% BSA, and a mixture of phosphatase inhibitors (10 mM KF, 10 mM Na pyrophosphate, and 0.2 mM Na orthovandate). The reaction was started with the addition of 15 µM oleoyl-coenzyme A and 20 mM [1, [2] [3] H] cholesterol. A mixture of chloroform and methanol (2:1) was used to stop the reaction and to extract lipids (Folch et al., 1957) . Newly synthesized CE were separated from free cholesterol on a silica acid chromatography column (500 mg Si 4 ) with 4 mL toluene. The separations of pure cholesterol from CE and radiolabeled CE from cholesterol were used to test the separation technique. The recovery of CE was greater than 98% using this procedure. The concentration of endogenous cholesterol was determined in one microsomal aliquot and used as a correction factor to standardize cold and labeled cholesterol concentrations within each sample, and ACAT activity was measured in replicate aliquots. Shand et al. (1993) studied ACAT activity in chick yolk sac membrane microsomal preps, with and without the addition of exogenous cholesterol. The reported enzyme activity pattern over the course of incubation was similar for both assays, although as one might expect, ACAT specific activity was higher when exogenous cholesterol was added. Based on the results of Shand et al. (1993) , the ACAT activity measurements reported herein were done with the addition of only labeled cholesterol.
Serial dilutions of microsomal protein and a time course study were used to determine the optimal assay conditions for ACAT activity from each tissue. The optimal conditions for the yolk sac membrane were 2.5 min with a microsomal protein concentration of 0.125 mg/mL at 37 C. The optimal conditions for the liver and the intestine were 30 min, with microsomal protein concentrations of 0.5 and 0.25 mg/mL, respectively.
Statistical Analysis
All data were analyzed by one-way analysis of variance using the general linear models procedures of SAS (1986), with age as the main effect. The dependent variables were ACAT total activity (U/tissue) and ACAT specific activity (U/mg microsomal protein). The correlation between microsomal cholesterol concentration and ACAT concentration was analyzed using the PROC CORR procedure of SAS (1986) .
RESULTS
The weights of the liver, yolk sac membrane, and intestine over the course of the experiment are presented in Table 1 . The specific activity of ACAT (pmol/mg microsomal protein per min) in the yolk sac membrane increased from 840 at ED 13 to 2,497 at ED 22 before declining significantly to 200 by PD 3 (Figure 1 ). Total ACAT activity (pmol/min per yolk sac membrane) showed the same type of developmental pattern, a rapid increase from ED 13 to Means in columns with no common superscript differ significantly (P ≤ 0.05). ED 22, followed by a significant decline through PD 3. The concentration of microsomal cholesterol (µg/mg microsomal protein) increased from 215 at ED 13 to a plateau of 320 between ED 19 and 22 before declining to 53 at PD 3 ( Table 2 ). The correlation between ACAT activity and microsomal cholesterol concentration in the yolk sac membrane was positive and significant (r = 0.88, P ≤ 0.01; n = 25).
The specific activity of hepatic ACAT (pmol/mg microsomal protein per min) increased from 60 at ED 13 to 243 at ED 25, and stayed high through PD 3 before declining to 180 at PD 6 (Figure 2 ). Total hepatic ACAT activity (pmol/min per liver) showed a progressive increase from 36 at ED 13 to 9,442 at PD 6, a 264-fold increase. Microsomal cholesterol increased from 21 µg/mg protein at ED 13 to 75 µg/mg at ED 25 before declining to 52 µg/mg by PD 6 (Table 1) . The correlation between hepatic ACAT activity and microsomal cholesterol concentration was also positive and significant (r = 0.92, P ≤ 0.01; n = 29). Intestinal ACAT specific activity (pmol/mg microsomal protein per min) increased from 14 at ED 16 to 44 at ED 25, and then declined to 23 at hatch (ED 28; Figure 3 ). There was a small, but significant, increase to 34 between hatch and PD 6. Total intestinal activity (pmol/min per intestine), however, increased continuously between ED 16 and PD 6, a 323-fold increase. Intestinal cholesterol concentration increased from approximately 47 µg/mg protein to 82 µg/mg protein between ED 16 and ED 25, and progressively declined to 36 µg/mg protein by PD 6. The correlation between ACAT activity and microsomal cholesterol concentration was positive and significant (r = 0.48; P ≤ 0.01; n = 28), but of less magnitude than the correlations observed within the yolk sac membrane and liver preparations.
DISCUSSION
It has been well documented that a large quantity of lipid is taken up and transferred to embryonic chicks and poults via the yolk sac membrane (Noble and Cocchi, 1990; Ding et al., 1995) . The process of lipid transfer from the yolk to the embryo involves, among other things, active hydrolysis of yolk fatty acids, resynthesis of triglycerides and cholesterol esterification within the yolk sac membrane, and the final packaging of lipoproteins for delivery to the embryo (Noble and Cocchi, 1990; Speake et al., 1993) . Shand et al. (1993 Shand et al. ( , 1994 reported high levels of ACAT in the yolk sac membrane and liver of chick embryos. Similar data are reported herein for turkey embryos, with the caveat that although yolk sac membrane ACAT specific activity and total activity peak and decline in a similar age-related fashion, liver ACAT specific activity peaks and stays elevated between ED 25 and hatch, whereas total hepatic ACAT activity begins to increase at ED 25 and does not peak until after hatch. Specific activity and total activity within the embryonic intestine follow the same pattern described for the liver.
Over the course of the last 10 d of incubation, ACAT activity peaked at ED 22, and this peak was at a proportionally similar developmental stage as that reported for chick embryos by Shand et al. (1993) . It has been proposed that CE plays an important role in lipoprotein formation, which is essential for the transfer of yolk lipids out through the yolk sac membrane and into embryonic circulation (Noble et al., 1984; Shand et al., 1993) . Ding et al. (1995) reported that only minimal amounts of CE are found in unincubated turkey egg yolks, so the preponderance of CE found in the yolk sac membrane is the result of ACAT activity within the tissue and the assumed absence of CE hydrolase (Shand et al., 1993) .
One function of the CE formed or deposited in the liver is to serve as a cholesterol reservoir for perinatal turkeys. The specific activity of ACAT in the liver peaked and leveled off between ED 25 and PD 3, and this occurred concomitantly with the end of yolk lipid transport out of the yolk sac membrane. This period coincides with considerable hepatic fatty acid mobilization (Ding et al., 1995) and supports a role for hepatic lipid metabolism during the embryonic and early post-hatch developmental periods. Reduced ACAT specific activity in the liver at PD 6 is perhaps due to increases in non-ACAT microsomal proteins and reduced liver cholesterol content. Liver cholesterol contents and ACAT specific activities are similar at ED 22 and PD 6. Liver total ACAT activity is higher at PD 6 than at ED 22 because of liver growth from 0.59 to 4.12 g over this 12-d period. The increase in total activity may be nothing more than a reflection of increased liver weight. Shand et al. (1994) reported that hepatic ACAT activity in chick embryos also increased through the second half of incubation before declining just before hatch. Differences between species in microsomal cholesterol availability may contribute to the observed differences in ACAT activity. In both species, hepatic microsomal cholesterol declines near hatch, but the decrease is considerably greater in chick embryos (Shand et al., 1994) than in turkey embryos. The pattern of hepatic ACAT activity in prenatal turkeys is very different from that observed in rats, which have minimal enzyme activity prior to birth (Little and Hahn, 1992; Smith et al., 1995) . These species-related differences are largely due to species-related differences in hepatic lipid metabolism; i.e., avian embryonic livers are exposed to considerable cholesterol derived from lipoproteins originating from the yolk sac membrane (Yaffei and Noble, 1990; Ding et al., 1995) , whereas in rats, ACAT is induced by high levels of milk fat during the early stages of life (Little and Hahn, 1992) . Cholesterol availability has been proposed to be the major regulator of ACAT enzyme activity in many tissues (Billheimer and Gillies, 1990; Chang et al., 1993; Cheng et al., 1995) . The correlation data from the present study and other reports (Suckling and Stange, 1985; Field et al., 1987; Shand et al., 1994) are consistent with the hypothesis that ACAT activity is greatly influenced by microsomal cholesterol availability (Erickson et al., 1980; Shand et al., 1994; Kraemer et al., 1995) . In fact, the correlation coefficient (r = 0.88) for yolk sac membrane ACAT specific activity and microsomal cholesterol concentration was similar to that reported in chicks by Shand et al. (1994; r = 0.84) in their assay with no exogenous cholesterol.
In mammals, intestinal ACAT is responsible for the formation of CE, which is incorporated into intestinal lipoproteins, and is intimately involved in dietary cholesterol and lipid utilization (Field et al., 1990) . Apoprotein B is found in portomicrons and is associated with lipid absorption; however, there is no apoprotein B detectable in the chick embryonic intestine (Nadin-Davis et al., 1980) . There are numerous reports in the literature demonstrating that yolk material can pass through to the intestine in late embryonic and early posthatch chicks, but stops between 2 and 4 d after hatch due to occlusion of the yolk stalk by lymphoid tissue (Esteban et al., 1991; Noy et al., 1996; Peebles et al., 1998) . During embryonic and early posthatch development, therefore, intestinal ACAT is most likely stimulated by yolk cholesterol passing through the yolk stalk into the intestine. This observation lends support to the idea that ACAT activity is actively regulated by substrate availability (Billheimer and Gillies, 1990) . Even though there was detectable ACAT specific activity at ED 13, maximal lipid transfer from the yolk to the embryo begins between ED 19 and ED 22 (Ding et al., 1995) , which also marks the rise in enzyme activity. The decline in intestinal specific activity between ED 25 and ED 28 (hatch), followed by the somewhat constant levels through ED 6, is probably a reflection of the decline in yolk cholesterol passing into the intestine and a slow evolvement to dietary cholesterol as the source of enzyme activation.
